Objective: Case reports suggest that there may be an increased risk of some cancers associated with sickle cell disease. However, population-based studies are scarce and there is no comprehensive enumeration of the risks across the whole range of site-specific cancers. Our aim was to provide this. Design: We used an English national dataset of linked statistical records of hospital admissions and deaths from 1999 to 2011 to undertake a retrospective cohort study. Setting: England. Participants: Records of all hospital admissions in England with SCD or with conditions included in the control cohort. Main outcome measures: Rate ratios were calculated comparing rates of cancer in a sickle cell disease cohort and a control cohort, confining the analyses to people whose ethnicity was recorded as Black.
Introduction
Patients with sickle cell disease (SCD) have a gene that codes for an abnormal form of haemoglobin -Haemoglobin S. 1 The disease is usually seen in people from Sub-Saharan Africa, India, parts of the Middle East and Mediterranean, and their descendants. It is now the most common genetic disorder in England. 2 Case reports and case series have reported an increased risk of haematological malignancies in patients with SCD. [3] [4] [5] [6] [7] [8] [9] However, they are limited in the range of cancers studied, and they do not provide comparisons of cancer risk with the general population. We aimed to quantify the scale of risk of cancers overall, and individually, in SCD patients, by comparing them with a population without SCD, using a national dataset of linked hospital and mortality records in England. This study is part of a broader programme of work on associations between different diseases, 10 including studies of the possibility of altered risk of cancers in people with some genetic disorders. [11] [12] [13] Methods Hospital Episode Statistics (HES) is the routinely collected all-England administrative dataset that contains a statistical record of every hospital day case and inpatient admission in the NHS in England (population about 53 million). Records of successive admissions for each individual and data from the death registration record, if death occurred, were linked together into a cumulative record of care for each individual from 1999 (when linkable data first became available nationally) to December 2011. The linked file, which was intended to be multi-purpose and support a wide range of studies, was built by the Oxford record linkage team using anonymised unique personal identifiers. In brief, linkage was based on the encrypted values of the HES identification number (a national number that is unique to each person hospitalised for NHS care), the encrypted NHS number (unique to each individual registered for NHS care) and several other encrypted personal identifiers. The national HES records were supplied by the Health and Social Care Information Centre.
An 'exposure' cohort was constructed by identifying the first admission for each individual hospitalised for SCD. The latter was defined using the International Classification of Diseases (ICD) 10th revision codes D57.0-D57.2 and D57.8. Cases of sickle cell trait were not included. A control cohort was constructed to include people hospitalised with a variety of mainly minor medical and surgical conditions and injuries (see footnotes to Table 1 ). The cohorts were 'followed', as retrospective cohorts, to identify cancers as 'outcome' events. The start date for follow-up of each individual was the date of first hospital record for SCD or condition in the control cohort. Multiple cohort studies were undertaken, one for each individual cancer, such that the analysis for each individual cancer was undertaken independently of the analysis of each other cancer. For each specific cancer, people were included in the SCD or control cohort if they did not have a record of the specific cancer before or at the same time as the first admission for SCD or control condition. Anyone with both SCD and a control condition was counted in the SCD cohort and removed from the control cohort.
The rate ratio for each individual cancer was calculated as follows. The risk of each specific malignant neoplasm was calculated based on person-days at risk. 'Days at risk' was defined as the time period in days between the date of first admission with SCD or control condition and the date of subsequent admission with each cancer, death (regardless of cause) or end of data collection at 31 December 2011 (whichever occurred first). To compare the SCD cohort with the control cohort, rates of each type of cancer were calculated within age strata in five-year groups (by age at entry to the cohort) and, within each age stratum, by further stratification by sex, year of first admission (in single years), quintile of index of multiple deprivation (a standard UK measure of socio-economic status) and region of residence (9 in England). All the main analysis was confined to patients in the SCD and control cohorts with a HES record that specified that they were Black. We did this knowing that HES data on ethnicity is incomplete; 14 but we wanted, as best as we could, to distinguish associations attributable to SCD from those that may be attributable to ethnicity. Black patients (the term in HES) were selected as those with HES ethnicity codes for 'Caribbean (Black or Black British)', 'African (Black or Black British)' or 'Any other Black background'. Analyses were confined to people aged under 65 years. We age-standardised all rates using indirect standardisation, where the standard population was the combined SCD and The number of people in the control cohort per person with SCD in each age stratum. Note that, in analysis, we included all people eligible to be in the control cohort and analysed the data within each age stratum comparing people with SCD and controls. c Conditions used in control cohort, with Office of Population, Censuses and Surveys (OPCS) code edition 4 for operations and ICD10 code for diagnosis (with equivalent codes used for other coding editions): appendectomy (OPCS4 H01-H03), adenoidectomy (E20), dilation and curettage (Q10-Q11), hip replacement (W37-W39), knee replacement (W40-W42), squint (ICD10 H49-H51),cataract (H25), otitis (H60-H67), upper respiratory tract infections (J00-J06), varicose veins (I83), haemorrhoids (I84), deflected septum, nasal polyp (J33 þ J34.2), impacted tooth and other disorders of teeth (K00-K03), inguinal hernia (K40), head injury (S06), ingrowing nail, toenail and other diseases of nail (L60), contraceptive management (Z30), internal derangement of knee (M23), bunion (727.1), dislocations, sprains and strains (S03, S13, S23, S33, S43, S53, S63, S73, S83, S93), selected limb fractures (S42, S52, S62, S82, S92), superficial injury and contusion (S00, S10, S20, S30, S40, S50, S60, S70, S80, S90). In analyses of colorectal cancers, we excluded appendectomy, haemorrhoids and inguinal hernia from the control cohort. From the analysis of IPD, we excluded upper respiratory tract infections.
control cohorts. Stratum-specific cancer rates in the standard population were calculated. They were then applied to each corresponding stratum in the SCD cohort and, separately, to each stratum in the control cohort. A rate ratio of the standardised rates of cancer in the SCD group, compared with the standardised rates in the control group, was calculated using the formula (O scd /E scd )/(O contr /E contr ), where O and E are the observed and expected numbers in, respectively, the SCD and control cohorts. The rate ratios and their 95% confidence intervals and p values were calculated using standard methods. 15 We present findings for all cases of individual cancers in the SCD or control cohort, and for all cases excluding those that occurred within a year of the first hospitalisation for SCD or control event. We did the latter to guard against surveillance bias, i.e. detection of cancer because the patient was under care for SCD or the control condition. Data on all cancers with five or more cases, and those with fewer than five but with statistically significant risks, are shown individually (Table 2) .
Analysis was undertaken using Statistical Analysis Software (SAS, release 9.2, SAS Institute Inc., Cary, NC, USA).
Results
There were 7512 people with SCD and 118,821people in the control cohort. Table 1 shows the age distribution of people in the SCD cohort, the percentage in each age stratum who were men, and the number of people in the control cohort per person in the SCD cohort. As described in the Methods section, all analyses were initially done within age strata, e.g. for children aged under 5 years, 597 children in the SCD cohort were compared with 74,625 children of the same age (597 Â 12.5) in the control cohort (Table 1) . Overall, the rate ratio (RR), comparing the SCD cohort with the control cohort, was 2.1 (95% confidence interval 1.7-2.5; Table 2 ). There were significantly high RRs for haematological malignancies, including Hodgkin's lymphoma (RR 3.7, 1. There was only one case coded as Burkitt lymphoma.
There was also an increased risk of some solid malignant tumours (Table 2) , namely cancer of the colon, kidney, thyroid, prostate and non-melanoma skin cancer. Cancers of other sites that were included in the analysis, but did not yield five or more cases, and without significant findings, comprised cancer of the oesophagus, stomach, rectum, bladder, liver, pancreas, bone and cartilage, malignant melanoma, chronic and acute lymphoid leukaemia analysed separately, ovary, uterus and testis.
Exclusion of first-year cases
In subgroup analysis, we estimated RRs excluding the first year after hospitalisation for SCD or conditions in the control group. The RR for cancers overall remained statistically significant at 1.9 (1.5-2.3). Among haematological malignancies, the risks remained elevated for all conditions studied, except for lymphoid leukaemia. Increased risks were also observed for kidney cancer and non-melanoma skin cancer ( Table 2) .
Face-validity test: Invasive pneumococcal disease in the SCD cohort
We used the same datasets and methods to study the risk of invasive pneumococcal disease (IPD) in the SCD cohort. We did so to be sure that the datasets and methods identify IPD as a known risk in people with SCD. The all-ages relative risk (RR) of IPD in the SCD cohort, compared with the reference cohort (in which the risk is 1), was 12.6 (95% CI 11. 
Recording of ethnicity in HES
In the SCD cohort, there were 8662 people with a record of ethnicity of whom 7512 (87%) were Black. In the HES dataset, covering the 13-year period, the whole population of people aged under 65 years coded as SCD was 13,781, of whom 63% had a record of ethnicity and 37% did not. In the control cohort, there were 3.792 million people with a record of ethnicity of whom 118,821 (3.2%) were Black. The whole control cohort comprised 7.027 million people, 51% with a record of ethnicity and 49% without.
We repeated all the analyses of associations with individual cancers, above, on cohorts that included all SCD patients and equivalent controls under 65, regardless of ethnic group. The results (supplementary table) were broadly similar to those for Blacks only but, with larger numbers, confidence intervals were smaller. This comparison, as well as being between people with and without SCD, is also a comparison between a largely Black and a largely White cohort. The RR for all cancers combined was 1.4 (1.2-1.6). RRs for haematological cancers remained high: for example, 5.3 (3.0-8.8) for Hodgkin's disease and 8.9 (5.3-14.1) for multiple myeloma. There were significantly high RRs for cancers of the stomach, colon, pancreas, prostate and kidney. RRs became low for two cancers in which risks in Blacks are known to be lower than those in Whites: non-melanoma skin cancer (0.6, 0.3-1.0) and breast cancer in women (0.5, 0.3-0.8).
Discussion

Main findings
Black people with SCD were at higher risk than the Black control cohort of cancers overall and, notably, of haematological malignancies but also of some solid tumours.
Our rationale for analysing the rates of cancer in Black individuals was to take account of the effect of ethnicity on cancer risk in people with SCD. It can be assumed (whether or not ethnicity was recorded on individual records) that the great majority of the patients with SCD in England are from non-White ethnic groups, predominantly Black, but that the majority of people eligible to be in the control cohort, had we not allowed for ethnicity, would have been ethnic White. Unfortunately, the recording of ethnicity in HES is incomplete. 14 Nonetheless, the findings on cancers overall and on haematological malignancies, suggest that the increased risk of these is likely to be mediated through SCD rather than ethnicity.
Findings in this respect are less certain with some of the solid tumours. According to the National Cancer Intelligence Network, UK, the Black population has higher rates than the White of stomach, liver and prostate cancer. 16 Risks of these were not high in the comparisons between SCD and controls in the Black cohorts; but they were high in the supplementary comparisons of all and unrecorded ethnicities. This suggests higher risks in Blacks than Whites, but no particular effect of SCD. By contrast, the risks of colon cancer and thyroid cancer were significantly elevated in cohorts that were restricted to Black patients. This suggests that the relationship between colon and thyroid cancer and SCD may be attributable more to SCD than ethnicity. The risk of female breast cancer and non-melanoma skin cancer, comparing SCD and control cohorts, was low in the 'all patients' cohorts, but this was not found in the analysis restricted to Black patients only (supplementary table). It is known that the rates of breast cancer and non-melanoma skin cancer are lower among Blacks than Whites. 16 The low risk of skin cancers in people with SCD no doubt reflects the well-known protective effects of ethnicity and skin colour. We note, however, the excess of non-melanoma skin cancer in people with SCD in the 'Black only' cohorts. We have no explanation for it.
Comparisons with literature and possible explanations for findings
This study is the first to quantify the overall risk of all cancers and the risk of a wide range of specific individual malignant neoplasms in a very large defined population of patients with SCD in England. However, there are publications reporting on increased risk of leukaemia and lymphoma, and on renal carcinoma, that accord with our findings. [3] [4] [5] [6] [7] [8] [9] 17, 18 Biological mechanisms that could explain any relationship between SCD and cancer have not been sufficiently investigated experimentally. Among possible underlying mechanisms in an SCD-cancer association are endothelial damage, systemic inflammation, hypoxia, acidosis and compromised apoptosis. [19] [20] [21] [22] [23] [24] Other potential causes and explanations for an excess risk of malignancies associated with SCD might include exposure to bone marrow transplantation, transfusion-related immunomodulation, and transmission of infections such as viral hepatitis and HIV. 25, 26 The latter is probably less likely to occur in England, where standards of blood transfusion are better regulated, than in some other countries.
We have no information on prescribed drugs and cannot assess whether any of the excess risk of cancer is related to treatment of SCD patients. There have been reports suggesting that hydroxyurea, a drug widely used in management of patients with SCD, might trigger malignant transformation. However, findings from clinical trials do not support this. 27, 28 Strengths and weaknesses This is a large population-based study, using a linked database containing all admissions to NHS hospitals in England. Its use of rates, i.e. population denominators, means that the scale of excess risk of cancer in people with SCD, compared with others, can be calculated. A strength is that the HES dataset includes information on patients' ethnicity. A weakness is that the data are incomplete and, even when recorded, are of unknown reliability.
Another limitation is that the dataset captures only hospital admissions and hospital day cases. This no doubt misses some people with SCD but is likely to identify the great majority of people with malignancies. The study design -a retrospective cohort study based on an administrative datasetmeans that information about confounding factors is limited. It was not possible to take account of potentially confounding or effect-modifying factors including smoking, alcohol use and other environmental exposures which could predispose to cancer. We also have no data on treatment. The study is also reliant on diagnostic accuracy and the reliability of diagnostic coding. Current policy regulations preclude researchers from validating HES diagnoses by retrieving case-notes. However, in studies of other design, researchers have compared cancer diagnoses (the 'outcome' measure in this study) between individual records of HES and of cancer registries and have reported 98-99% agreement. 29 We are not aware of studies of the reliability of the diagnosis of SCD in HES. However, given the fact that SCD predisposes to IPD, and that we found very high RRs for IPD in the SCD cohort, we suggest that this is strong evidence that most, if not all, people in the SCD cohort did in fact have SCD. Insofar as there may have been misclassification -for example, of sickle cell trait (even though we excluded the ICD code D57.3) as SCD -its effect would have been to attenuate the reported excess risk of cancer by 'dilution' of the SCD cohort. People with SCD in this study, namely those with a hospital day case or inpatient admission, come from a total SCD population of unknown size comprising all people with SCD under the age of 65 years who resided in England during the 13 years from 1999 to 2011. We have no information on people with SCD who do not get admitted as hospital day cases or inpatients. Therefore, our figures cannot be regarded as a point-prevalence census measure of SCD in England. As numerical context, the National Haemoglobinopathy Registry specifies that, nationally in England, 7338 patients with SCD were in the Registry in 2009-2014. 30 Analysis of other linked datasets, to study cancer in people with SCD, may be possible: one example would be the linkage of haemoglobinopathy registries to cancer registries.
The issue of studying multiple cancers, and therefore of multiple significance testing, needs consideration. We studied 26 cancers and, with a probability level of 1 in 20, would expect about one cancer to be significant by chance alone; 10 were significant. A Bonferroni correction would mean that significance could only be assumed at a significance level of p ¼ 0.002 (0.05/26), and we give exact p values in Table 2 . However, Bonferroni corrections can be unrealistically conservative in that, unless numbers of subjects are very large, they risk false negatives, i.e. rejection of associations that are real because the threshold for significance is set so high.
It is worth noting that numbers of individual cancers were very small, even when RRs were significant. For example, there were 14 cases of multiple myeloma in the 13 years of the study, i.e. about one a year in the whole of England. An individual clinician might not be able to have a clinical impression that the risk of multiple myeloma is elevated in people with SCD. The evidence is most likely to come from epidemiology.
Implications and conclusions
People with SCD may have an increased risk of cancer, particularly haematological malignancies and some individual solid tumours, and we have quantified these risks. Although the majority of our findings are consistent with the literature, it is important to treat our findings with caution and regard them as suggestive rather than conclusive. We have accounted for the effect of age and ethnicity on cancer risk but could not include other potential confounders. If our findings are confirmed elsewhere, physicians may wish to know that there might be an increased risk of malignancies in patients with SCD. If the cancer associations do indeed prove to be causally related to SCD itself, laboratory-based work on possible mechanisms to elucidate why people with SCD are at increased risk of quite a broad spectrum of malignancies might make contributions to fundamental understanding of some aspects of carcinogenesis. 
